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ABSTRACT: A high-performance ionic-sensing platform has been developed by an
interdisciplinary approach, combining the classical colorimetric Griess reaction and new
concepts of nanotechnology, such as plasmonic coupling of nanoparticles and surface-
enhanced Raman scattering (SERS) spectroscopy. This approach exploits the advantages
of combined SERS/surface-enhanced resonant Raman Scattering (SERRS) by inducing the
formation of homogeneous hot spots and a colored complex in resonance with the laser
line, to yield detection limits for nitrite down to the subpicomolar level. The performance
of this new method was compared with the classical Griess reaction and ionic
chromatography showing detection limits about 6 and 3 orders of magnitude lower,

respectively.

onic inorganic species are essential for sustaining all forms of

life, but excess in their concentration or even the presence of
minute amounts of some specific ions promote alterations in
their cellular homeostasis, giving rise to severe human diseases
including cancer, diabetes, and neurodegenerative diseases.
Thus, rapid, sensible, and accurate quantification of these
species in the environment and in an organism is essential to
monitor and maintain adequate health levels. Further, the
investigation of these species in living organisms at the cellular
level is becoming an essential tool to understand the chemical
biology of anions and cations and their connection with health
and disease.’

For several decades, classical analytical chemistry was
founded on systematic sequential identification of inorganic
species with general reagents exploiting the chemical
equilibrium.* Organic reagents were used to identify cations,
anions, or even to speciate very similar inorganic chemical
species based on the visual change (colorimetric) promoted by
highly selective binding with target analytes.>® Nowadays, the
development of nanotechnology in its subfields of nano-
photonics and plasmonics and their application to spectrosco-
py, especially in surface-enhanced Raman scattering (SERS)
spectroscopy,”® offers new opportunities for pushing forward
these classical methods. In particular, incorporation of organic
reagents in SERS-based devices is well suited for applications

-4 ACS Publications  © 2015 American Chemical Society

868

aimed at the detection of small inorganic molecules with small
Raman cross-section and, often, poor affinity toward the metal
surfaces. Under such restrictions, indirect SERS approaches are
therefore preferred in ion sensing.” Indirect detection is usually
achieved by monitoring the changes in the overall SERS
intensity of a Raman reporter”'® or the alteration of the
spectral profile that a chemorece{ptor undergoes upon complex-
ation with the target species.”’’ Although other experimental
techniques are able to detect inorganic cations and anions at
ultralow levels (i.e., fluorescence, atomic absorption or emission
spectroscopies, chromatography, mass spectrometry, or electro-
chemical methods), the optical sensors based on plasmonic
nanoparticles,'> such as those developed using SERS,">'* allow
for the study of inorganic small compounds in living
organismsls’lé and with a multiplex ability.

A paradigmatic example of the possibility to combine
classical colorimetric reactions with SERS to yield highly
sensitive and selective sensors is represented by the Griess
reaction for nitrite determination. Griess reaction was first
described in 1879."” Because of its simplicity, it has been used
extensively in the analysis of numerous natural or biological
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Figure 1. Schemes of the (A) colorimetric nitrite determination via the classical Griess reaction and (B) SERS/SERRS nitrite/nitrate determination
using one nanoparticle or two nanoparticle strategies (1-NP approach and 2-NP approach, respectively).

samples including plasma, urine, or saliva."® In this method,
nitrite is first treated in acidic media with a diazotizing reagent
(sulfanilamide, SA) to form a transient diazonium salt. This
intermediate is then allowed to react with a coupling reagent
(N-naphthyl-ethylenediamine, NED) to form a stable azo-
compound. The overall reaction is described in Figure 1A. The
intense purple color of the product is the key for achieving a
nitrite assay with high sensitivity that can be used to measure
nitrite concentration as low as the ~0.5 mM level. The
absorbance of this adduct at 540 nm (Figure S1) is linearly
proportional to the nitrite concentration in the sample.
Although this reaction detects only nitrites, nitrates can also
be analyzed by previously treating the sample with a reducing
agent (such as cadmium, zinc, or hydrazine, or with enzymes
such as the bacterial nitrate reductase) that converts NO,~ into
NO,™.

Recently, a few reports have described the engineering of
SERS-platforms exploiting the selective formation of azo-
compounds to detect nitrite anions in aqueous samples.lg_21
However, for different reasons, the proposed strategies were
not devised to fully exploit the outstanding analytical potential
of SERS as indicated by the relatively high detection limits
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around the uM regime even when analyte accumulation
schemes were employed.

In this Letter, we describe the rational design of a Griess-
based SERS sensor for determination of nitrite and nitrate
anions down to the subpicomolar regime. The illustrated
optimization protocol builds on the main concepts of SERS and
plasmonics to maximize the sensitivity of the sensor while
preserving the selectivity and reproducibility required for
reliable quantitative analysis. The outstanding performance of
this new method is compared with those of the classical Griess
reaction and ionic chromatography for a number of samples
including tap and spring water and plasma.

Despite the increasingly huge number of novel SERS
substrates fabricated in the past decade, gold and silver colloids
prepared via wet chemical methods likely represented, and still
are, the most widespread source of SERS substrates due to their
simple and low-cost syntheses, ease of manipulation, and high
SERS activity (especially when the individual nanoparticles are
organized into “plasmonic molecules”*?). Importantly, silver
nanoparticles also show, contrary to gold nanostructures, high
photonic efficiency in the green spectrum (i.e., the interband
transition of silver is placed in the UV).>*** For these reasons,
we selected silver nanoparticles (AgNPs) as optical enhancers.
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Figure 2. Normalized SERS and SERRS spectra of the following colloidal suspensions. 1-NP: AgNP@ABT (yellow curve) and AgNP@azo-dye (red
curve). 2-NP: AgNP@NA (blue curve); colloidal mixture ACNP@NA + AgNP@ABT (2:1 molar ratio, green curve); and AgNP@azo-dye@AgNP

(purple curve).

AgNPs were prepared through a hydrothermal method*
yielding homogeneous spherical colloid with diameter around
30 nm. These materials present a narrow localized surface
plasmon resonance (LSPR) with a maximum at 412 nm.
Second, the experiments were designed to obtain statistically
averaged spectra from a relatively high number of scatterers and
nanoparticles in continuous Brownian motions within the
scattering volume (ie., average-SERS), by using a long-working
distance objective to focus the 514 nm laser onto the sample
solution. The average-SERS regime usually offers high spectral
reproducibility and stability, as required for reliable quantitative
analysis.”® On the other hand, this analytical regime normally
provides moderate enhancement factors (usually in the 10*—
107 range).***’

We therefore pursue an improvement of the SERS activity by
maximizing each of the multiplicative contributions that define
the overall SERS enhancement: the electromagnetic and
chemical enhancements (EM and CM, respectively). The
former is independent of the target molecule and relies on the
large electromagnetic fields generated at the nanostructure
surfaces when LSPRs are excited via interaction with incident
light>**” On the contrary, the latter mechanism is solely
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associated with the intrinsic Raman properties of the molecule
under study (i.e,, Raman cross-section).**’

The design of an equivalent Griess reaction for SERS
requires the reagents to be bound to plasmonic nanoparticles.
Thus, in order to demonstrate the possibility of using SERS
spectroscopy as the transductor, SA and NED reagents were
substituted by 4-amino benzenethiol (ABT) and 1-naphthyl-
amine (NA), respectively (Figure 1B).*® ABT firmly attaches to
the metal surface via formation of a strong silver—sulfur bond
(AgNP@ABT), whereas NA adsorption relies on the high
affinity of nitrogen atoms for silver (AgNP@NA). Figure 2
illustrates the SERS spectra of both ABT and NA on silver
colloids. Importantly, as for SA, the ABT molecule forms a
diazonium derivative in the presence of NO,™ under acidic
conditions, which rapidly reacts with NA to yield a red azo-
compound, characterized by a broader absorption with a
maximum at 512 nm (Figure S1).

Notably, ABT suffers from photocatalized diazotization to
yield p,p’-dimercaptoazobenzene (DMAB) when it is attached
to gold or silver nanoparticles (Supporting Information Figure
S2A, intraparticle dimerization).**>° Clearly, this catalytic effect
has a negative impact on the performance of our sensor because
it hampers the interaction of ABT with the target analyte.
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Additionally, ABT dimerization involving molecules bound to
different nanostructures (interparticle dimerization) can lead to
cluster formation and colloidal destabilization. The first issue
(intraparticle dimerization) was addressed by progressively
decreasing the surface coverage of ABT (see time-dependence
of the SERS spectra of ABT at different concentrations in
Figure S2B). The data indicate that, while keeping constant the
nanoparticle concentration to 10™* M in silver, a dilution of the
added amount of ABT to 1077 M (final concentration,
equivalent to 1 molecule per 3.7 nm*) does not reveal any
dimerization features in the SERS spectrum even for a long
time, suggesting that surface-bound ABT molecules are
eventually located far enough from each other to prevent
dimerization events. Thus, AGNP@ABT colloids employed in
our sensing platform were designed according to these findings
([ABT] = 1077 M and [Ag] = 107" M). See Supporting
Information for a detailed discussion of the data. On the other
hand, the problem associated with interparticle dimerization
was overcome by diluting AgNP@ABT nanoparticles ([Ag] = 1
x 107* M) with AgNPs ([Ag] =2 X 107*) in a 1:2 molar ratio
(total silver content equals 3 X 107* M). Within these
experimental conditions, no evidence of aggregation was
observed under transmission electron microscopy (TEM)
investigation.

With the previous data in mind, we envisioned two
alternatives to test for the design of our sensing platform. In
the first one (Figure 1B, 1-NP approach), nitrite solution was
added to a mixture of AgNP@ABT and unfunctionalized
AgNPs (molar ratio 1:2, final silver concentration = 3 X 107*
M) at pH 3.5, followed by the addition of NA (final
concentration 107° M). After waiting 10 min for the reaction
to occur, samples were analyzed by SERS upon excitation with
a 514 nm laser. The generation of the azo-complex is revealed
by the appearance of a new spectrum (Figure 2) which differs
from those of the individual reagents bound onto the silver
nanoparticles (AgNP@ABT and AgNP@NA) and their
mixture (AgNP@NA + AgNP@ABT). Notably, the laser
excitation energy is in resonance with an electronic transition
within the azo-compound (resonant Raman, RR) that further
enhances the signal in between 2 and S orders of magnitude.31
The combination of SERS and RR scattering is referred to as
SERRS (surface-enhanced resonant Raman scattering) and is
characterized by a drastic increase in sensitivity (i.e., max-
imization of the chemical enhancement contribution to the
overall EF). Figure 3A shows the nitrite concentration
dependence of the SERRS spectra using the 1-NP approach
in the 1300—1460 cm™' spectral range. The results were
obtained investigating aqueous solutions of nitrite in the 107*
to 107 M range. It is worthy of note that concentrated
solutions should be diluted prior to the analysis, as our sensor
saturates at 0.1 #M. Representation of the SERRS intensity as a
function of nitrite concentration (logarithmic scale) shows a
linear trend down to the nanomolar regime (Figure 3D, red
dots and trace). These detection limits are 2 orders of
magnitude lower than classical Griess method and in the same
order of magnitude as some electrochemical methods and ionic
chromatography.>*

Building on the outcomes of this first detection strategy, we
pursue a further improvement of the SERS sensitivity via an
augment of the electromagnetic enhancement provided by the
plasmonic substrate. In this regard, we profit from the plasmon
coupling of interacting nanoparticles that localizes large local
fields at the interparticle junction (“hot spot™), which may
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Figure 3. (A,B) Details of the 1310—1470 cm™" spectral range for
SERRS spectra of the diazo-complex at different nitrite concentrations
for (A) 1-NP and (B) 2-NP approach. Bands can be assigned to ring
and N=N stretchings (133 and 1386 cm™’, and 1342 and 1373 cm™"
for the 1-NP and 2-NP approach, respectively) and C—H in plane
bending (1417 and 1402 cm™ for the 1-NP and 2-NP approach,
respectively). (C,D) SERRS intensity of the N=N stretching as a
function of the nitrite concentration for 1-NP approach (red dots) and
2-NP approach (purple) expressed both in (C) linear and (D)
logarithmic scale. Error bars are equal to three standard deviations (N

= 3).

exceed up to 10°-10° times those observed on isolated
nanoparticles.””*' To do so, a second batch of silver
nanoparticles obtained by functionalizing the colloids with
NA (AgNP@NA, where [NA] = 107° M and [Ag] = 107* M)
was added to AgNP@ABT in a 2:1 molar ratio (final solution
of 3 X 10™* M in silver; Figure 1B, 2-NP approach). Addition of
nitrite solutions at acidic pH promotes the formation of the
azo-dye complex that acts as an interparticle cross-linker
inducing the assembly of the nanoparticles into stable clusters
in suspension, as revealed by the reshaping of the extinction
profile (Figure 4). It is worth noting that the acquired SERRS
spectrum shows a spectral profile similar to its analogue, the 1-
NP approach (Figure 2) but with significant changes in relative
intensities, which can be attributed to the surface selection
rules.”> The SERRS spectra obtained by addition of different
nitrite amounts are illustrated in Figure 3B, whereas the
corresponding signal intensities are plotted against the analyte
concentration in Figure 3C,D, both in linear and logarithmic
scales (purple dots and trace). The overall intensity obtained
via the 2-NP approach far exceeds the previous results obtained
with the 1-NP approach. The detection limits were dramatically
improved down to the subpicomolar regime, in concrete until 4
X 107 M, consistently with the nitrite-driven formation of
optical hot spots at the small interparticle gaps.**>*

The gap between molecularly aggregated colloids was
calculated to be 1.31 nm by modeling the azo-compound
with DFT methods (Figure 4)."> The enhancing efliciency
increases as the distance between the particle decreases and,
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Figure 4. Extinction spectra, representative TEM images, and
calculated electrical fields upon excitation with a 514 nm laser line
for (a) AgNP@ABT in the presence of NO,” (1077 M) and NA; and
(b,c) mixture of AgZNP@ABT and AgNP@NA (molar ratio 1:2) at
107" M (b) and 1077 M (c) of NO,™.

especially, if it is smaller than 2 nm due to the appearance of
the nonlocal effects (quantum confinement).***” Remarkably,
when the number of nitrite molecules is smaller than that of
particles (nitrite concentration <107 M), a concentrated
population of dimers is observed (Figure 4b). This image is
consistent with the LSPR measured in these solutions (Figure
4b), which shows a second band at 540 nm, in addition to the
dipolar LSPR of small single spheres, that can be attributed to
the strong plasmonic coupling in dimers.*® In contrast, at
higher analyte concentrations, the LSPR broadens as a
consequence of the multiparticle plasmonic interactions. This
effect is also corroborated by TEM measurements (Figure 4c).
To acquire deeper information about the magnitude of the
electromagnetic fields generated at the hot spots, theoretical
calculations were carried out for single particles, dimers and
tetramers (this last one emulating the aggregate), considering
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1.31 nm as the interparticle distance. The electromagnetic maps
(Figure 4, right column) show a notable larger field (2 orders of
magnitude) for the particles interacting versus those isolated
giving rise to a rational explanation of the intensity increase in
the 2-NP approach as compared with 1-NP.

Importantly, such outstanding SERS sensitivity was achieved
while preserving high signal reproducibility, as indicated by the
minimal variation of the signal from sample to sample (see
standard deviations in Figure 3C). This can be ascribed to
several factors, in addition to the acquisition of the spectra
under the average-SERS regime. These include the assembly of
the nanoparticles into stable clusters with well-defined
interparticle distances fixed by the molecular length of the
azo-complex. This largely limits possible gap-to-gap inhomo-
geneity that can significantly broaden the distribution of the
EM enhancements at different hot spots. Furthermore, the
nitrite concentration is directly correlated to the SERS intensity
of the new surface azo-dye whose spectral fingerprint drastically
differs from those of mechanical mixtures of AGQNP@ABT and
AgNP@NA colloids. Thus, the detected SERRS profile is solely
related to the recognition event associated with the presence of
the target analyte, avoiding reproducibility issues associated
with a potential nanoparticle aggregation due to uncontrolled
external factors.

There are a large number of methods for determining nitrate
and nitrite ions, such as spectr 3photometric (UV/vis, IR,
fluorimetric) and electroanalytical,” but the most common
detection strategies are, apart from the Griess-based protocols,
ion chromatography (IC) and high-performance liquid
chromatography (HPLC) combined with end column
detection szstems such as UV, fluorimetric, and conductometric
systems.>”*" In particular, IC has become a standard method*!
to apply in the identification and determination of nitrite and
nitrate in all kinds of water samples, gases absorbed in
solutions, food products, and biological samples Moreover,
when combined with postcolumn derlvatlzatlon methods, IC
provided sen51t1V1ty down to the ca. 107 M regime of nitrate
and nitrite.*® Therefore, to test the applicability of our method,
different samples were analyzed by using our sensing platform
and compared with the results offered by the Griess reaction
and IC (Figure S). For our approach and the Griess reaction,
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Figure S. Performance comparison of the 2-NP approach with the
classical Griess reaction and with IC for the analysis of nitrate/nitrite
in tap water, spring water, and plasma.

two measurements were carried out. Each sample was divided
into two aliquots: one was directly analyzed for the
determination of nitrite, and the second was previously treated
with a cadmium pellet in order to reduce the nitrate to nitrite
and then analyzed. The three methods yield similar results with
the water samples without any presence detected of nitrite.
Regarding the plasma, the Griess reaction offers a negative
result for both nitrite and nitrate, while IC and SERS show
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similar results for nitrate. In the case of nitrite, the SERS
method confirms the presence of a minute amount of nitrate
that IC is not able to determine as it is out of its detection limit.

In summary, we have illustrated how to convert and optimize
a classical sensing method into an ultrasensitive modern one by
using concepts of nanophotonics, nanofabrication, and spec-
troscopy. The sensing method presented here exploits all the
advantages of SERS/SERRS by (i) efficiently inducing the
formation of a homogeneous hot spot during the diazotization
reaction responsible for the analyte detection, and (ii)
illuminating the sample with a laser line in resonance with
the HOMO—-LUMO levels of the so-formed colored complex.
These two combined features allow for detection limits of
about 6 orders of magnitude lower as compared with the
classical Griess reaction and about 2—3 as compared with other
instrumental alternatives such as IC. We hope this Letter paves
the way for the development of new SERS devices exploiting
the well-characterized old analytical chemistry for the
monitoring of ionic inorganic species in a multiplex fashion
in complex media, including living systems.
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